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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

EXPLORATORY INVESTIGATION OF PERFORMANCE OF EXPERlMENTAL 

FUEL-RICH HYDROGEN COMBUSTION SYSTEM 

By Arthur L. Smith and Jack S. Grobman 

SUMMARY 

An exploratory investigation w a s  conducted t o  determine the perform- 
ance character is t ics  of a fuel-r ich hydrogen combustor; i n  addition, the 
performance of an afterburner operating with the fue l - r ich  exhaust mixture 
was evaluated. Four experimental combustors with a burning length of 18 
inches were operated over a range of equivalence r a t i o  from 7 t o  26 at 
nominal f u e l  flows of 100 and 200 pounds per hour, i n l e t - a i r  temperature 
of 80° F, and i n l e t  pressures near 30 inches of mercury absolute. Two 
afterburner flameholder configurations with a burning length of 36 inches 

pressures n e w  atmospheric. 

3 
8 

t were investigated over an equivalence-ratio range from 0.2 t o  1 at i n l e t  

- For the fuel-r ich combustor, air was injected in to  t h e  flowing f u e l  
stream. 
maintained Over very broad ranges of equivalence r a t i o  f o r  a l l  experimental 
combustors investigated. Some of the combustor exhaust-temperature pro- 
f i l e s  obtained were considered satisfactory i n  view of the prelimi- 
nature of the t e s t  program. Combustion in s t ab i l i t y  w a s  encountered at  
high fuel-flow ra tes  and high equivalence r a t i o s  with some combustors. 

I n  general, combustion efficiencies i n  excess of 90 percent were 

Two types of afterburner configuration were used. In  one, the fue l -  
r i ch  gas w a s  introduced through open U-gutters normal t o  the airflow, and 
turning vanes inside the gut ters  were necessary t o  control the f u e l  dis-  
t r ibu t ion  and the outlet-temperature profile.  
embodied a pa i r  of closed-end baf f les  perforated a t  the t r a i l i n g  edge t o  
control the flow. 

The other configuration 

INTRODUCTION 

This report describes the performance of an experimental fue l - r ich  
hydrogen combustor (over-all hydrogen-air r a t i o  above stoichiometric) and 
2,ffierhl-i.rner assembly. Various f uel-rich engine cycles using hydrogen as 
a working f l u i d  as well as a fue l  have been proposed fo r  f i ig i i i  at high 
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speed and high a l t i t ude .  
as great as tha t  of air) and i t s  good combustion character is t ics  make it 
very desirable fo r  these applications. 
reference 1, hydrogen at high pressures i s  heated as it passes through a 
heat exchanger and i s  then expanded through a t u r b i n e .  The expanded ex- 
haust gas i s  fed t o  a combustor where it is  burned fuel-r ich.  
mixture supplies heat t o  the heat exchanger and then i s  fed t o  an a f t e r -  
burner where the remaining f u e l  i s  burned. Another s i m i l a r  cycle elimi- 
nates t h e  heat exchanger by feeding the fuel-r ich combustion products 
direct ly  in to  the turbine.  
t h a t  high t h r u s t s  can be obtained by introducing additional f u e l  i n  the 
afterburner so that the afterburner may also be r icher  than stoichiometric. 
A fuel-rich ramjet cycle w a s  considered i n  an analyt ical  s tudy presented 
i n  reference 3 for  a propulsion system at  hypersonic flight conditions. 

Hydrogen's high specif ic  heat (about 14 times 

In  one such cycle described i n  

This hot 

An analysis presented i n  reference 2 shows 

Extensive research has been conducted on a i r c r a f t  propulsion systems 
incorporating primary-combustor and afterburner un i t s  operating at equiva- 
lence ra t ios  of stoichiometric and below; research on fuel-r ich combustion 
uni t s  has been l imited fo r  the  most par t  t o  analyt ical  studies.  

To evaluate the performance character is t ics  of a fuel-r ich combustion 
system, preliminary tests were conducted w i t h  four fuel-r ich combustors 
and f ive afterburner flameholder configurations. The primary combustors 
had a burning length of approximately 18 inches. These combustors, in- 
s t a l l e d  i n  a 5-inch-square duct, were operated a t  equivalence r a t i o s  from 

approximately 7 t o  26, at pressures of about 30 inches of mercury absolute, 
and an in l e t - a i r  temperature of 80' F. 
equivalence r a t i o s  from 0.2 t o  1 i n  an 8-inch circular  duct simulating 
an afterburner . 

+ 

1 
2 

The excess f u e l  w a s  burned at  

The performance data obtained i n  the primary combustor and i n  the 
afterburner included combustion efficiency, outlet-temperature prof i le ,  
and pressure drop. 

SYMBOLS 

A area, sq ft  

f fuel-air r a t i o  

f t  over-all fuel-air  r a t i o  based on t o t a l  airflow, w a,% 

H chemical energy corresponding t o  the enthalpy values of air ,  com- 
bustion products, and f u e l  given by tables of refs.  4 and 5, 
50,965.4 B t u / l b  f u e l  
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h 

Ah 

9 5  

Lylj 

a d  

wa 

wa, t 

wf 

wW 

7 

cp 

*h 

enthalpy of gas stream, Btu/lb 

enthalpy r i s e ,  Btu/lb 

measured afterburner gas enthalpy rise, Btu/lb air (based on wa , t )  

enthalpy r i s e  of afterburner jacket cooling water, Btu/lb water 

enthalpy r i s e  of quench water, Btu/ lb  water 

weight-flow rate of airstream, lb/sec 

t o t a l  airflow t o  primary combustor and afterburner, ib/sec 

fuel-flow ra te ,  lb/sec 

weight-flow rate of water, lb/sec 

combustion efficiency 

equivalence r a t io ,  f/0.02921 

k+, - ha, Btu/lb fue l  

Subscripts : 

p;B 

a 

ac 

b 

f 

j 

P 

r 

s t  

t h  

W 

afterburner 

air 

actual  

gas b, (HzO - k 02) as defined i n  re f .  4 

f u e l  

afterburner jacket cooling water 

primary combust or  

reference 

stoichiometric 

theore t ica l  

quencn water 

l -  
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1 inlet  s ta t ion  of primary combustor 

2 exhaust s ta t ion  of primary combustor 
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3 afterburner i n l e t - a i r  s ta t ion  

4 bulk temperature measuring s ta t ion  downstream of water quench 

APPARATUS AND INSTRUMENTATION 

The combustor and afterburner i n s t a l l a t ion  i s  shown i n  figure 1. 
The position of the instrumentation planes and the location of temperature- 
and pressure-measuring instruments i n  these planes are  indicated. 
supplied t o  the t e s t  f a c i l i t y  from the laboratory air compressors; the 
hot exhaust gases from the primary combustor were fed t o  the afterburner 
where they were mixed with additional air and burned; the afterburner hot 
exhaust gases were cooled w i t h  air-atomized water sprays and discharged 
t o  the atmosphere. The over-all  airflow w a s  measured with a variable- 
area or i f ice  located upstream of a l l  flow-regulating valves. The airflow 
t o  the  primary combustor w a s  measured with a sharp-edged o r i f i ce  p la te  
located upstream of the primary-combustor flow-regulating valve and down- 
stream of the main flow-regulating valves. 
s t a l l e d  according t o  ASME specifications.  

A i r  w a s  

The primary o r i f i ce  w a s  in- 

Hydrogen fue l  was stored i n  compressed-gas cylinders. 
rates from the  cylinders t o  the combustor were determined from the tem- 
perature and pressure upstream of a cr i t ical-f low orif ice .  

Fuel-flow 

1 The primary combustor w a s  housed i n  a 3-inch-square duct 24 inches 
long. 
s i t i o n  duct connected tangentially t o  the 8-inch-diameter afterburner. 
The t rans i t ion  duct and afterburner were water-jacketed. In le t -a i r  tem- 
peratures were measured a t  s ta t ion  A-A and E-E ( f ig .  l ( a ) )  by bare-wire 
iron-Constantan thermocouples. Pressures were measured at s ta t ions B-B, 
C-C, and D-D by static-pressure taps. The primary-combustor exhaust-gas 
temperature was measured a t  s t a t ion  D-D w i t h  m aspirating platinum - 13- 
percent-rhodium - platinum thermocouple probe supported i n  a water- 
jacketed housing. 
about a ball-socket connection positioned i n  the center of the water- 
cooled exhaust section. Two l inear  actuators mounted normal t o  each 
other (fig. l ( b ) )  were used t o  move the probe along the two axes of 
the square duct. The probe posit ion w a s  indicated by two coordinates 
obtained e l ec t r i ca l ly  from a probe posit ion indicator. 
were recorded at  centers of nine equal areas as shown i n  figure l ( b ) .  

The fuel-r ich exhaust w a s  conducted through a $-inch-square t ran-  

The square duct w a s  traversed by pivoting the probe 

Temperatures 

Afterburner i n l e t  pressure was measured at  s ta t ion  E-E by a s t a t i c -  
pressure tap. Outlet-temperature prof i les  a t  s t a t ion  F-F were measured 
with 22 platinum - 13-percent-rhodium - platinum thermocouples contained 
i n  a water-cooled support positioned as shown. The bulk gas temperature 
(exhaust products plus quench water) s measured at s ta t ion  H-H with * 
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eight bare-wire Chromel-Alumel thermocouples positioned at centers of 
equal areas. 
were indicated on automatic balancing potentiometers and were not cor- 
rected f o r  radiation or  conduction. 
were obtained with manometers. 
ing jacket and the probe w a s  measured with a sharp-edged or i f ice  ins ta l led  
according t o  ASME specifications. The in l e t  and out le t  water temperatures 
t o  the water jacket were measured b y  iron-constantan thermocouples. 
quench-water flow r a t e  at  s ta t ion  G-G w a s  measured with a vane-type flow- 
meter. 
ing sprays. The quench water flow rate was adjusted t o  give complete 

balance determination. 

The combustor and afterburner i n l e t  and out le t  temperatures 

The inlet and out le t  pressure data 
The cooling-water flow ra t e  for  the cool- 

The 

High-pressure air  was used t o  z.tomizz y~ezch ~ & e r  fnr the  cool- 

-ronn-i .,,,,,,,I,,, w g + - ,  nn zt the b1.a temDerature measuring s ta t ion  H-H, f o r  heat- 

Pr imary-Combus t o r  Flameholder s 

Four fuel-r ich primary-combustor designs were investigated. The 
design concepts employed were opposite t o  those normally employed f o r  more 
conventiorial combustors. A i r  w a s  injected into the flowing f u e l  stream. 
The air then burned i n  an atmosphere of fue l .  Construction de ta i l s  of 
these combustors are shown i n  figure 2. The fuel-r ich combustor designs 
consisted of flameholders mounted on both sides of an air dis t r ibut ion 
chamber (referred t o  herein as the air manifold, see f i g .  2) .  In  some 
designs air  w a s  introduced in to  the fuel  stream through o r i f i ce s  located 
i n  the  air manifold; i n  other designs the air w a s  injected through dis-  
t r ibu t ion  channels integral  with the air manifold. The combustion length 
was defined as the distance from the downstream t i p  of the flameholder t o  
the projected t i p  of the transversing probe (f ig .  l (b ) ) .  
were igni ted by a sparkplug tha t  was positioned t o  spark near the down- 
stream face of the  flameholder. 

The combustors 

Combustor model A (fig.  2 (a ) )  consisted of six sloping V-gutters 
sheltered by perforated plates. 
combustor through o r i f i ce s  i n  the end plate  of the a i r  manifold. In  com- 
bustor model B ( f ig .  2(b))  four horizontally mounted V-gutters were con- 
nected t o  the air manifold by three a i r  dis t r ibut ion tubes. 
tubes w a s  in jec ted , in to  the V-gutters i n  an upstream direction through 
twelve 0.156-inch-diameter holes. 

A i r  was directed downstream i n  the 

A i r  i n  the 

The air manifold f o r  model C (fig. 2(c))  w a s  connected t o  a cylin- 
d r i ca l  tube sealed at  both ends. This manifold contained two  s l o t s  0.25 
by 2.75 inches designed t o  d i rec t  the air upstream SO0 t o  the burner axis. 
The manifold was par t ia l ly  enclosed by a semicircular shroud tha t  provided 
a sheltered combustion zone. Fuel was admitted t o  the combustion zone 
through two 0.25- by 2.75-inch s lo ts  located i n  the shroud; secondary 
f u e l  entered the combustor around the shroud. 

The f i n a l  configuration (model D, f i g .  2(d)) injected air through 
slx s lo t ted  fins rnounted on the air manifold. These slots, 0,0625 inch 
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w i d e  and 0.5 inch apart ,  were p a r a l l e l  t o  the burner axis  and decreased 
i n  length from 1.75 inch near the manifold t o  0.5 inch near the t i p  of 
t he  f ins .  
normal to  the  f u e l  stream. 

The s l o t s  were designed so t h a t  the  air discharge would be 

, The t o t a l  o r i f i c e  area i n  the a i r  in jec tors  and the  projected blocked 
area of the flameholders are indicated i n  the following table:  

combustor 
model 

1.38 8.92 
2.81 177 1.80 15 

heferenced t o  air  manifold cross-sectional area, 

‘Referenced t o  combustor t o t a l  cross-sectional area, 
1.59 sq in. 

12 .25  sq i n .  

Afterburner Configurations 

The fuel-rich primary exhaust gases were injected in to  the  a f t e r -  
burner normal t o  i t s  axis. Two basic types of afterburner flameholders, 
an open U-gutter and a punched-plate f u e l  in jec tor  ( f igs .  3 and 4, respec- 
t i ve ly ) ,  were used. To f a c i l i t a t e  rapid assembly, the  flameholders were 
in s t a l l ed  i n  cy l indr ica l  sleeves as shown i n  the  figures; a s l o t  w a s  cut 
i n  the  cyl indrical  sleeve t o  admit the f u e l .  
i n  the afterburner with the  center l ine of the flameholder a r r a y  in te rsec t -  
ing the centerline of the  primary-combustor exhaust t r ans i t i on  ducting 
( f ig .  l ( b ) ) .  The afterburner w a s  ignited by a sparkplug. For the U- 
gut ter  configurations, the afterburner reference area w a s  0.349 square 
foot  . 

These sleeves were positioned 

Four modifications of the  open U-gutter flameholder are shown i n  
figure 3. Configurations 1, 2, and 3 ( f igs .  3(a) t o  (c))  consisted of an 
open gutter 2 inches wide and 7 5  inches long; i n  addition, configurations 
2, 3, and 4 ( f igs .  3(b) t o  (d) )  incorporated turning vanes. For configu- 

1 1 
rat ion 4, two U-gutters, 1 inch wide and 7 2  inches long, w e r e  placed 27 

The pro- 
jected blocked area of each of the U-gutter flameholder configurations 
w a s  approximately 30 percent. 

I inches between centers i n  the  afterburner sleeve ( f i g .  3 (d ) ) .  
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The punched-plate fue l  injector  (fig.  4) w a s  designed by the f u l l -  
scale engine group of the NACA Lewis laboratory. This design consisted of 
two fue l  bars mounted in  a 41-inch-long cyl indrical  sleeve. 
edge of the bar was 0.5 inch wide and 5.81 inches long; the t r a i l i n g  edge, 
parabolic i n  shape, extended 11.67 inches downstream. Sixty-four fue l  
or i f ices  0.1875 inch i n  diameter were placed on e i the r  side of these bars, 
giving a t o t a l  of 256 fue l  or i f ices  i n  all. The afterburner effect ive area 
was reduced t o  0.140 square foot by inserting two plates  i n  the cyl indrical  
sleeve assmbly. The projected blocked area of configuration 5 w a s  approx- 
imately 29 percent. The upstream s~~l i - faczs of t h e  plztes  were sealed t o  
the afterburner sleeve i n l e t  t o  correspond t o  a 1/15 segment of a simulated 
f ~ i i - ~ c d e  e~g:r,e ccnfigiza.tion w i t h  an inner diameter of 10 inches and an 
outer diameter of 22 inches. 

The leading 

PROCEDURE 

Prior t o  the admission of f u e l ,  the desired primary-combustor and 
afterburner airflows were established a t  each t e s t  condition; then the 
pr imary-combustor and afterburner igniters were energized simultaneously, 
and the required f u e l  for  r ich  operation w a s  added. The afterburner w a s  
always operated at or  below stoichiometric conditions. The in l e t - a i r  
temperature w a s  maintained a t  approximately 80' F. Two fuel-flow rates ,  
100 and 200 pounds per hour, were used. 
r a t i o  w a s  varied from approximately 7 t o  26; the  afterburner equivalence 
r a t i o  w a s  varied from approximately 0.2 t o  1. For the primary-combustor 
performance investigation the afterburner equivalence r a t i o  w a s  maintained 
at approximately 1. 
with afterburner airflow, because no regulating valves w e r e  ins ta l led  
between the t e s t  f a c i l i t i e s  and the atmospheric exhaust. 

The primary-combustor equivalence 

The couibustor and afterburner i n l e t  pressures varied 

C O M B U S T I O N - W I C  DNCY CALCULATIONS 

P r i m a r y  Combustor 

Combustion efficiency of the primary combustor was calculated by the 
method of reference 4 as the r a t i o  of the actual enthalpy r i s e  t o  the 
theore t ica l  enthalpy rise. Since the fue l -a i r  r a t i o  of the primary com- 
bustor w a s  always greater than stoichiometric, it w a s  necessary t o  a l t e r  
equation (15) of reference 4 t o  the following: 

(1) 

were obtained from table  I of reference 4. 9-e  enthzlpy 
h,2 

Values of Jr 
data f o r  air  and hydrogen were obtained from reference 5. The average 
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combustor exhaust temperature w a s  obtained by averaging temperatures 
recorded a t  the centers of nine equal square areas ( s ta t ion  D-D, f i g .  
l ( b )  1 

Afterburner 

The combustion efficiency of the afterburner w a s  calculated as the 
r a t i o  of the actual enthalpy r i s e  i n  the afterburner t o  the theoret ical  
afterburner enthalpy r i s e .  
based on the  unburned fue l  leaving the primary combustor and w a s  calcu- 
la ted as follows: 

The theoret ical  afterburner enthdpy r i s e  w a s  

Wa,p ahAB,th = ftH - Tp fstH w ~ , ~  

The use of equation (2)  implies that there was no additional burning be- 
tween station 2 and the afterburner fue l  i n l e t .  The maximum er ror  that 
could occur from t h i s  assumption fo r  the data herein would be a 3-percent 
reduction i n  afterburner efficiency. 

The actual enthalpy r i s e  fo r  the afterburner w a s  calculated from a 
heat balance based upon afterburner gas enthalpy rise, heat re ject ion t o  
the water jacket, and heat absorption by the water-quench spray according 
t o  the relation 

The afterburner gas enthalpy r i s e  Ahg was calculated as  follows: 

The enthalpy data fo r  water were obtained from reference 6. 

RESULTS AND DISCUSSION 

This report presents performance data obtained w i t h  combustors 
operating at  over-all fuel-air r a t i o s  greater than stoichiometric, and 
performance data  obtained w i t h  afterburners tha t  burned the combustor 
fuel-r ich exhaust products. Calculated data  presented i n  figure 5 make it 
possible t o  compare performance data  obtained w i t h  the fuel-r ich combustor 



with more conventional combustors on the basis of the i n l e t  mass flow per 
combustor f ronta l  area. The primasy-combustor exhaust Mach number i s  re-  
la ted t o  equivalence r a t i o  f o r  two values of fue l  flow and several  values 
of airflow per combustor f ronta l  area (12.25 sq in . )  i n  the figure.  
experimental data fo r  the primary combustor and afterburner obtained dur- 
ing the investigation are presented i n  tables  I and 11, respectively. 

The 

Performance of Fuel-2ich Combustor 

Combustion efficiency. - The combustion eff ic iencies  obtained over 
a range of primay-cmbuster eqi-lrivalence r a t io s  w i t h  the  four primary- 
combustor models are presented i n  figure 6 .  Data presented for  model. k 
were obtained at pressures of 30 t o  51.5 inches of mercury absolute. 
Data fo r  models B, C, and D were obtained at constant i n l e t  pressure at 
about 30 inches of mercury absolute and with the afterburner operating 
a t  an equivalence r a t i o  near 1. 

Combustion-efficiency data obtained w i t h  model A f o r  three i n l e t  
fue l  flows, various i n l e t  pressures, and a range of equivalence r a t i o s  
are  shown i n  figure 6(a) .  
ciency of about 35 percent over most of the equivalence-ratio range. 
This s ca t t e r  cannot be traced t o  the pressure var ia t ion but seems t o  be 
due t o  combustion ins tab i l i ty .  
lack of formation of the  proper local fue l -a i r  mixture d is t r ibu t ion  i n  
regions behind the flameholder. Since the air w a s  injected ax ia l ly  i n  
the combustor, fuel-air r a t i o s  i n  the wake of the flameholders may have 
exceeded the maximum f lammabi l i ty  l i m i t  f o r  hydrogen. Stable and eff i -  
cient combustor operation requires a design providing considerable heat 
release i n  the recirculatory region. 
is l i ab le  t o  be deficient;  consequently, variations i n  efficiency and 
s t a b i l i t y  might be associated w i t h  the manner of air introduction. 

The combustion efficiency of model B is shown i n  figure 6(b) .  

The figure shows a spread i n  combustion e f f i -  

This ins tab i l i ty  may be a t t r ibu ted  t o  the 

I n  the fuel-r ich combustor, the air 

In  
general, combustion efficiencies i n  excess of 90 percent were maintained 
up t o  equivalence r a t i o s  near 1 6 j  above t h i s  value decreases i n  combustion 
efficiency and u l t i m a t e l y  flame blowout were encountered. 

The design principles employed with hydrocarbon fue l s  fo r  jet-engine 
combustors were u t i l i zed  i n  the design of model C.  
around the air manifold i n  an attempt t o  control the r a t e  at  which f u e l  
was mixed with the air and t o  provide approximately stoichiometric f u e l -  
a i r  r a t io s  i n  t h i s  sheltered region. Fuel was  admitted through s l o t s  i n  
the shroud, and the a i r  w a s  injected i n  an upstream direct ion t o  intercept 
and mix w i t h  the incoming fue l .  
shroud and di luted the hot exhaust gases. 
are snown i r i  f l g i i r e  6 ( c )  = 

w i t h  combustion efficiencies near 100 percent w a s  maintainec uv-er tkc 

A shroud w a s  i n s t a l l ed  

The remaining f u e l  flowed around the 
Results obtained w i t h  model C 

A t  the l o w  i n l e t  fue l  flow, s table  operation 

I -  
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equivalence-ratio range tes ted.  A t  the high i n l e t  f u e l  flow, combustor 
blowout was encountered at an equivalence r a t i o  near 18. The performance 
data obtained w i t h  th i s  combustor indicate tha t  more favorable conditions 
f o r  combustion were obtained than with models A and B; however, the blow- 
out encountered at  the high i n l e t  fue l  flow suggests that fur ther  improve- 
ment i n  mixture dis t r ibut ion i s  required. 

The model D combustor was designed so that sheets of air  would be 

Stable operation was main- 
injected normal t o  the fue l  stream. 
t h i s  combustor are presented i n  figure 6(d) .  
tained w i t h  t h i s  model over the en t i r e  operating range considered. 
alence rat ios  as high as 25 were investigated a t  both fuel-flow conditions, 
and no flame blowout was observed. Combustion eff ic iencies  near 100 per- 
cent were maintained at the low fue l  flow; at  the higher fue l  flow, how- 
ever, combustion eff ic iencies  decreased t o  values near 90 percent. The 
s t ab i l i t y  exhibited by model D may be a t t r ibu ted  t o  the increased number 
of a i r - inject ion s ta t ions  and t o  the air - inject ion direction, which re-  
sulted i n  a more even dis t r ibut ion of the air .  

The performance data obtained with 

Equiv- 

Air-injector pressure loss.  - The air- injector  pressure losses ob- 
tained w i t h  the four primary-combustor models are  presented i n  figure 7 
as the r a t io  of the total-pressure l o s s  across the air - injector  t o  the 
i n l e t  t o t a l  pressure. The highest pressure losses (35 t o  55 percent) were 
obtained w i t h  model B at  the high fuel-flow condition. 
obtained w i t h  the four combustors follow the trends tha t  might be expected 
from the varying open-hole areas. 
made t o  refine the combustor designs; it seems probable tha t  considerable 
reduction in  a i r - injector  pressure loss  could be effected, especially i n  
model B. 

The pressure losses 

In t h i s  investigation no attempt was 

Combustor static-pressure loss .  - The static-pressure lo s s  across the 
combustor i s  shown fo r  four-primary combustor models i n  figure 8. This 
figure shows the variation of the r a t i o  of static-pressure loss across the 
combustor t o  combustor i n l e t  s t a t i c  pressure w i t h  equivalence r a t i o  fo r  
fue l  flows of  100 and 200 pounds per hour. The i n l e t  s t a t i c  pressure 
measured at  the  plane of the flameholder w a s  corrected fo r  the flameholder 
area blockage t o  the s t a t i c  pressure at the combustor reference area. 
Static-pressure lo s s  f o r  all configurations was less than 5 percent. 

Combustor outlet-temperature prof i les .  - The representative out le t -  
temperature prof i les  (18 in .  from flameholder) of the four primary- 
combustor models are shown i n  figure 9.  The c i r c l e s  on the figures indi-  
cate probe posit ions.  
c i r c l e s .  The isotherms on the figures were approximated. I n  general, the 
temperature pat terns  obtained a t  other t e s t  conditions were s i m i l a r  t o  
those presented i n  the figure.  
f i l e s  are  presented fo r  model A operating at combustion eff ic iencies  of 
approximately 72 and 100 percent, respectively. The difference between 

The recorded temperature values appear near these 

In  f igures  9(a) and (b) temperature pro- 
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the m a x i m u m  and minimum values i n  figure 9 (a )  
w a s  700' F f o r  data presented i n  f i g u r e  9 (b) . 
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w a s  1295' F; t h i s  difference 
These var ia t ions i n  p ro f i l e  

and efficiency seem t o  imply tha t  pa r t i a l  blowout w a s  obtained with model 
A, since these data were obtained a t  approximately the same operating 
conditions. 

The temperature pattern a t  the outlet of model B ( f ig .  9(c))  repre- 
sents a large improvement over that  obtained with model A. 
ence between myaximum and minimum temperatures i s  only 245' F. 
( f ig .  9 (d) )  produced an out le t  pi-zlfllc better than tha t  ob tahed  with 
model A but not as good as tha t  obtained w i t h  model B. 
between miaximiru ~ c d  m i n i m x n  temperatures fo r  model C i s  about 415' F. 
Model D ( f ig .  9 (e) )  produced a nonuniform temperature prof i ie .  The dif- 
ference between maximum and minimum temperatures i s  about 915' F. No 
design changes were made t o  f l a t t e n  these prof i les .  

The d i f fe r -  
Model C 

The difference 

Afterburner Performance 

The ef fec t  of various afterburner flameholder designs on afterburner 
performance w a s  observed over a range of afterburner equivalence r a t i o s  
f o r  f u e l  flows of 100 and 200 pounds per hour and afterburner i n l e t - a i r  
temperatures of 80' F. 
t i o n  i n  afterburner equivalence r a t i o .  The pressure i n  the afterburner 
increased with increasing afterburner airflow (reductions i n  afterburner 
equivalence r a t io )  . Primary-combustor model A operating at equivalence 
r a t i o s  of approximately 10 and 20 supplied the fuel-r ich exhaust mixture  
f o r  the  afterburner performance tes t s .  

Afterburner airflow w a s  varied t o  obtain a varia- 

The calculated variation of afterburner reference Mach number w i t h  
afterburner equivalence r a t i o  i s  shown i n  figure 10. The reference Mach 
number i s  based on the t o t a l  cross-sectional area of configurations 4 and 
5. Increasing equivalence r a t i o  ( b y  decreasing airflow) reduces the Mach 
number. 

Afterburner temperature profile.  - The ef fec t  of flameholder design 
on temperature prof i le  i s  shown i n  figure 11. Representative curves a re  
presented f o r  the f ive  flameholder configurations. 
positioned as shown i n  figure 1(~). The effect ive airflow and fuel-flow 
areas were the same fo r  a l l  four U-gutter configurations. This area w a s  
d i f fe ren t  f o r  the punched-plate fuel ejector;  consequently, the two de- 
signs cannot be compared direct ly .  

The flameholders were 

The simple U-gutter (config. 1, f i g .  3(a))  gave an outlet-temperature 
pat tern very hot on bottom and cold on top ( f ig .  11(a)). Apparently the 
momentum of the incoming fuel-rich gas caused it t o  flow down the gutter, 
mix, aid "uwn ar, the bnt.tom of the duct. 
the f u e l  more uniformly i n  the afterburner, a se r i e s  of 'u'-gutters .,.',thy 

In  am attempt t o  d is t r ibu te  
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turning vanes w a s  investigated. 
th ree  turning vanes; the results obtained are shown i n  figure l l ( b ) .  
temperature prof i le  obtained Kith t h i s  configuration w a s  s i m i l a r  t o  t ha t  
observed w i t h  configuration 1, but a s l igh t  improvement i n  the prof i le  
w a s  indicated. 
of high temperature along the bottom of the duct. 

Configuration 2 ( f ig .  3(b)) incorporated 
The 

A portion of the lower thermocouple rake f a i l ed  because 

Three vanes extending 9* inches i n  an a x i a l  direction from the f u e l  
i n l e t  slot were employed i n  configuration 3 ( f ig .  3 ( c ) ) .  
obtained are  shown i n  figure ll(c). 
than that  obtained with configuration 1 or 2. 
bottom is much f la t ter  than that at the top, and the average temperature 
i s  higher. 
i n  addition t o  the r ad ia l  dis t r ibut ion is evident. To obtain l a t e r a l  
dis t r ibut ion of the f u e l  as w e l l  as radial distribution, a double U-gutter 
(config. 4, ( f ig .  3(d))  employing seven turning vanes w i t h  some of the 
vanes turned toward the top of the afterburner on the discharge side w a s  
investigated. The re su l t s  obtained w i t h  t h i s  configuration m e  shown i n  
f igure l l ( d )  . 
t h i s  conf igurat  ion. 

The r e su l t s  
The temperature pat tern w a s  be t t e r  

The pat tern along the 

The need fo r  improving the l a t e r a l  dis t r ibut ion of the f u e l  

The over-all  temperature prof i le  w a s  greatly improved w i t h  

The afterburner w a s  modified fo r  t e s t s  with configuration 5 ( f ig .  4) 
t o  simulate the area r a t i o s  encountered i n  a simulated ful l -scale  t e s t  
setup. A 1/15 segment of a fu l l - sca le  afterburner w a s  ins ta l led  within 
a cylindrical  sleeve and inserted into the afterburner fo r  these t e s t s .  
The representative temperature prof i le  obtained with t h i s  configuration 
i s  shown in figure l l ( e ) .  There is  a tendency fo r  the top of the a f t e r -  
burner t o  be somewhat hot ter  than the bottom; considering the area change 
between the top and bottom, however, t h i s  prof i le  i s  considered good. 

Afterburner combustion efficiency. - The combustion eff ic iencies  of 
the two flameholder configurations tha t  gave the best  prof i les  (configs. 
4 and 5) are shown i n  figure 1 2  as a function of the over-all  equivalence 
r a t i o .  Since the  t e s t  f a c i l i t y  discharged t o  atmospheric pressure, the 
afterburner i n l e t  pressure varied with operating conditions. 
sure variation w a s  from 30 t o  38 inches of mercury with configuration 4 
and from 31 t o  55 inches of mercury with configuration 5. The data i n  
f igure 1 2  are presented for  two primary-combustor equivalence r a t i o s  and 
f o r  two fuel flows. In general, combustion eff ic iencies  i n  excess of 90 
percent were observed f o r  configurations 4 and 5 over the range of a f t e r -  
burner equivalence r a t i o  considered. The performance of the two configu- 
ra t ions i s  not d i rec t ly  comparable because of the  differ ing i n l e t  veloci- 
t i e s  ( f i g .  10). 

This pres- 

Fuel-rich gas-injector pressure loss. - Figure 13 presents the pres- 
sure losses associated w i t h  the inject ion of the hot fuel-r ich gases from 
the primary combustor into the afterburner f o r  models 4 and 5. This f ig -  
ure shows the variation of static-pressure drop across the hot gas 

\ 
\ 
\ 
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injector  as a f ract ion of the s t a t i c  pressure of the combustor exhaust 
w i t h  over-all equivalence r a t i o  for  two f u e l  flows. 
drop i s  defined as the pressure difference between s ta t ion  D-D of the p r i -  
mary combustor and the discharge face of the afterburner flameholder. The 
afterburner s t a t i c  pressure w a s  actually measured a t  s ta t ion  E-E and was 
converted t o  the s t a t i c  pressure a t  the flameholder discharge face by 
correcting fo r  the flameholder area blockage (neglecting the f r i c t i o n  
pressure l o s s  between the two s ta t ions) .  The static-pressure drop fo r  
the two configcrations was about the same, ranging frm 1 t o  4 percent. 

The static-pressure 

Ressmking Combustion 

Resonating combustion, which resulted i n  combustor pressure fluctua- 
t ions and exhaust temperature variations, w a s  encountered with some com- 
bustor and afterburner designs. A detailed investigation of the factors  
involved i n  the resonating combustion w a s  not attempted. 
t ha t  t h i s  par t icular  mode of combustion was the result of a coupling that 
existed between the heat-release r a t e  and the i n l e t  mass flow. Accord- 
ingly, two approaches were used t o  control the resonating combustion; 
f i rs t ,  the pressure loss  across the primary air injector was increased, 
and second, the heat-release r a t e  was a l te red  i n  both the primary combus- 
t o r  and afterburner by decreasing the equivalence r a t i o  i n  the former and 
increasing the equivalence r a t i o  i n  the l a t t e r .  These changes resul ted 
i n  sat isfactory combustor operation free of resonance. It i s  interest ing 
t o  note that the low-pressure-loss afterburner configurations were f r ee  
of resonance when the af'terburner was operated at an equivalence r a t i o  
near 1. 

It was fe l t  

Results of t h i s  investigation indicate, i n  general, tha t  fuel-r ich 
combustors can be designed w i t h  low pressure loss t o  give high combustion 
efficiency over a wide range of equivalence r a t io .  
served with some combustor designs suggest tha t  par t icular  a t tent ion 
should be given t o  the manner i n  which the f u e l  and air are mixed. 
operation w a s  obtained over a broad equivalence-ratio range when air  was 
injected normal t o  the f u e l  stream. It is f e l t  that combustor out le t -  
temperature prof i les  can be controlled with appropriate primary-combustor 
designs. 

Stabi l i ty  l i m i t s  ob- 

Stable 

I n  addition, the resu l t s  obtained suggest tha t  low-pressure-loss 
afterburner flameholders can be designed t o  give stable and ef f ic ien t  
operation over a wide range of afterburner equivalence r a t io .  To obtain 
uniform afterburner temperature profiles,  the dis t r ibut ion of the fuel-  
r i ch  primary exhaust had tz be controlled. Two low-pressure-loss a f t e r -  
burner designs were evolved tha t  provided t h i s  control, an open U-gutter 



......................... . 0 .  . 0 4  . 
0 .  0 .  0 .  . 0 .  . . . . . . . . .  . . . . . . . . . . . . . . . .  . ...... . -  - . a  a ..a. . 0 .  0 .  . - -  .......... 

14 NACA RM E58C19a 

employing turning vanes and a punched-plate flameholder. 
combustion, which occurred with some low-pressure-loss designs, w a s  elim- 
inated when the  heat-release r a t e s  i n  the  primary combustor and the  after- 
burner were al tered;  a lso,  increasing the  pressure loss across the  primary- 
combustor air in jec tor  resulted i n  resonant-free combustion. 

Resonating 

L e w i s  Flight Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, March 26, 1958 
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Flameholder  model A 

R u n  Pr imary-  A i r - i n j e c t o r  Combustor 
combustor i n l e t  S t a t i c  i n l e t  t o t a l  

i n l e t  p r e s s u r e ,  s t a t i c  
in. p r e s s u r e ,  ~g a b s  ItemTlt.;, 
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31.1 
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TABLE I. - PHIMARY-COMBUSTOR TEST DAIA 
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35 .3  

51.5 
33.4 
34.5 
45.0 
32.4 

39.2 
35.7 
35.5 
36.7 
34.8 

.___- _ _ _ _ _  
103.9 

80.7 

93.9 
99 .o 
99.4 

101.0 
90 .2  

88.9 
94.7 
69.7 
74.8 
94.8 

67.2 
60.4 
72.1 
6 6 . 3  
85.6 

83.1 
102.2 

95.7 
88.4 
91.7 

76.1 
92.1 
71.8 
75.7 
81.8 

82.2 
79.1 
93.1 
79.5 

102.6 

93.2 
72.8 
91.7 

100.7 
77.9 

54 .o 

40.5 
40 .0  
42.2 

3 n  c 
I L . "  

40.0 
35 .8  
34.8 
40.5 
41 .5  

39.0 
40.0 
34.9 
49.0 
47.0 

35.0 
46.0 
36.0 
3 7 . 1  
38.5 

60.0 
36.7 
40.0 
54.5 
35.5 

49.0 
38.8 
38.7 
42.5 
35.0 

P l a m h o l d e r  model B 

214.8 .1490 13.71 
204.8 .0913 21.33 
102.1 .OW5 15.54 896 

68 103.2 .1193 8.?3 1579 
107.3 .1338 7.63 1433 

Flameholder model C 

50.0 
54 .5  
80.0 
53.5 
42.0 
64 .O 
70.5 

92.1 
78.9 

143.5 
129.5 

72.5 
82.6 
87 .1  

1.17 
.83 

2.54 
1.69 
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.89 
1 . 0 9  
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31.2  
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I 
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80.0 
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1 .43  
.38 
.72 
.61 

3.96 
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1 . 9 8  
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2.46 
1.44 

1 .73  
.62 

4.35 
1 .71  

84 
86 
87 

81 100.4 
79 101.1 
74 208.0 

.0481 

.0398 

.1913 

748 
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1290 

37.0 
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33.4 
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31.0 
4 7 . 0  
34.4 
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I 
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62 
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65 

Planeholder model D 

31.9 83 
83 
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1220 
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.57 
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83 
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563 84.8 2.1 67 
6 8  
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70 

32.8 
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30.9 
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7 1  
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.0759 
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.0956 

33.5 
32.9 
34.2 
36.9 
32.0 

85  20.3 
25.6 
15.5 
10.4 
10.3 

1ii.i 
20.6 
20.3 
10.4 

64 3 
566 
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I 
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83 
85  
86 
8 3  

204.7 
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1121 
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83.4 
87.4 
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68 
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74 
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.0965 
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33.1 
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R u n  

I I  

Afterburner Afterburner 
inlet s t a t i c  inlet tem- 
pressure, perature ra te ,  
in. Hg abs ( a i r  1, lb/sec 

r a t i o  
percent 

1 34.0 90 6.92 0.159 84.7 ---- 

78.1 ---- 

3 34.0 92 7.32 0.142 89.9 ---- 

4 
5 
6 
7 
8 

9 
10 
11 
15 
16 

17 
18 
19 
21 
24 

2% 
25B 
26 
27 
28 
29 

37.0 92 4.362 0.2173 140 89.2 
36 -0 85 4 185 .2275 136 80.4 
34.0 86 3.178 .2973 110 99.5 
33.5 85 3.049 .3091 107 97.5 
33 .o 86 2 778 .3440 99 93.0 

33.0 86 2 731 .3442 97 ---- 
37.1 86 3.941 .4657 125 92.7 
34.5 89 2.824 .6 738 97 91.3 
31.8 89 2 -086 .e502 78 87.0 
34.5 91 4.440 .4371 153 90.9 

31.8 92 2.189 .E240 82 95.3 
30.8 91 2.187 .4280 85 95.3 
31.8 92 2.090 .e846 79 94.1 
30.8 95 1.759 .5l25 68 95.2 
38.0 95 7.389 .2543 230 91.9 

33.5 95 7.551 .5180 268 97.7 
33.5 95 7.551 -5180 268 94.4 
32.0 94 3.637 e2606 135 84.4 
32.0 95 2.147 .E079 80 93.8 
32.0 94 2.145 .E778 80 94.2 
33.5 93 3.675 05324 l.30 94.5 

Afterburner flameholder configuration 5 

30 
31 
32 
33 
34 

35 
36 
37 
38 
39 
40 

37.7 86 3 -697 0.2529 115 97.5 
55.3 87 6.331 .2925 135 91.3 
34.0 87 2.224 .4134 77 100.5 
34.5 88 2.278 .3993 78 97.6 
46.5 89 4.355 .4378 111 90.2 

31.8 89 1.073 .e314 40 93.4 
37.8 89 2 -149 .a379 67 92.8 
38.0 85 3.575 .2711 110 92.8 
37.9 88 3.592 .2661 111 97.4 
38.5 89 3.597 .2528 110 93.6 
37.0 88 3.694 .26 75 118 95.4 
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. A i r  manifold 
1" Pipe coupling rl-z 

Airflow 

Fuel fluw 

Air manif old  -I \I 

I- L I  '32 
32 19" &-+..d It- 

32 

-I- 
ll" 1- 16 

- .I- 

Sloping 
V- gutter 6 

v Perforated 

f-/ Flameholder 

(a) Primary-combustor model A. 

Figure 2. - Cutaway views of primary-combustor flameholders. 
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A i r f  

(b) Primary-combustor model B. 

Figure 2. - Continued. Cutaway views of primary-combustor flameholders. 
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(a)  Flameholder configuration 1. 

Figure 3. - Cutaway views of afterburner flameholders. 
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(b) Flameholder configuration 2. 

Figure 3. - Continued. Cubaway views of afterburner flameholders. 
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(d) Flameholder configuration 4. 

Figure 3. - Concluded. Cutaway views of afterburner flameholders. 
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(a)  Model A. 

4 a 12 16 20 24 28 
' 'PP Pr imaxy- combustor equivalence rat i o  

( b )  Model B. Combustor i n l e t  t o t a l  pressure,  approximately 33 inches 
of mercury absolute .  

Figure 6.  - Varia t ion  iii co&xst.ion e f f i c i ency  with primaxy-combustor 
equivalence r a t i o  f o r  four  primary-combustor configui-atiozs:  
a i r  temperature, approximately 80' F. 

I n l e t -  
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( c )  Model C. Combustor i n l e t  t o t a l  p ressure ,  approximately 33 inches 
o f  mercury absolu te .  

1. 

4 8 

0 

0 ii 
16 20 24 28 

’ (pP Primary-combustor equivalence r a t i o  

(d )  Model D.  Combustor i n l e t  t o t a l  pressure,  approximately 33 inches 
of mercury absolu te .  

Figure 6.  - Concluded. Var ia t ion  i n  combustion e f f i c i ency  with primary- 
combustor equivalence r a t i o  for four primary-combustor conf igura t ions .  
In l e t - a i r  temperature,  approximately 80° F. 
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Figure 7 .  - Variation of air-injector pressure lo s s  with primary-combustor 
equivalence r a t i o  f o r  various flameholder models. 
80' F. 
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Figure 8. - Effect of various flameholder models on combustor pressure loss 
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( a )  Primary-combustor model A. Combustor 
i n l e t - a i r  pressure, 31.2 inches of mercury 
absolute; in le t -a i r  temperature, 800 F; in- 
l e t  reference velocity, 78 f e e t  per second; 
average out le t  temperature, 954' F. 

Figure 9. - Temperature pat tern a t  combustor 
ou t l e t  (OF). Equivalence r a t io ,  approxi- 
mately 10; fuel-flow ra t e ,  100 pounds per 
hour. 
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(b )  Primary-combustor m d e l  A. Combustor 
i n l e t - a i r  pressure, 31.4 inches of mercury 
absolute; i n l e t - a i r  temperature, 80° F; in- 
l e t  reference velocity, 77 f e e t  per second; 
average out le t  temperature, 1283' F. 

Figure 9. - Continued. Temperature pa t te rn  a t  
combustor ou t le t  (9). Equivalence r a t io ,  
approximately 10; fuel-flow rate, 100 pounds 
per hour. 

. 
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( c )  Primary-couibustor model B. Combustor i n l e t -  

a i r  pressure, 30.7 inches of mercury absolute; 
i n l e t - a i r  temperature, 85' I?; i n l e t  reference 
velocity, 79 feet  per second; average out le t  
temperature, 1296' F. 

35 

Figure 9. - Continued. Temperature pa t te rn  a t  
combustor ou t le t  (9). Equivalence r a t io ,  
approximately 10; fuel-flow ra te ,  100 pounds 
per hour. 



0 . .  .e.. 0 . 0  m... 0..  0 . .  e.. .. .. 0 0 .  
0 .  0 .  0 .  e 0 .  0 .  m . . . .  e 

0 0 . .  0. .  o m  .m * . . e .  
0 .  0 .  0 . .  0 . 0 .  m .  0 .  e 

0 . 0  0 . 0 .  0 . .  0 . 0  0.. e 0 .  

36 NACA RM E58C19a 

. .  
i n l e t - a i r  pressure, 31 inches of mercury ab- 
solute; in le t -a i r  temperature, 82' F; i n l e t  
reference velocity, 77 f ee t  per second; 
average out le t  temperature, 1296' F. 

Figure 9. - Continued. Temperature pat tern at  
combustor ou t le t  (OF). Equivalence ra t io ,  
approximately 10; fuel-flow rate, 100 pounds 
per hour. 
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( e )  Primary-combustor model D.  Combustor i n l e t -  
a i r  pressure, 30.9 inches of mercury absolute; 
i n l e t - a i r  temperature, 83' F; i n l e t  reference 
velocity, 77 feet  per second; average out le t  
temperature 1195' F. 

Figure 9. - Concluded. Temperature pat tern at com- 
bustor ou t le t  (OF). 
mately 10; fuel-flc-J rate, 100 pounds per hour. 

Equivalence r a t io ,  approxi- 
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u-gutter posi t ion 

Bottom thermocouple 
- Top thermocouple 

r=l 

( a )  Flameholder configuration 1. 
Afterburner equivalence r a t i o ,  
0.15; primary-combustor equiv- 
alence ratio, 8.1; f u e l  f l o w ,  

$ * 

2400 

1600 

800 

0 

(b) Flameholder configuration 2. 
Afterburner equivalence r a t i o ,  
0.20; primary-combustor equiv- 
alence r a t i o ,  8.5; fue l  flow, 
140 wunds ~ e r  hour. 

.5 2.5 4.5 6.5 .5 2.5 4.5 6.5 
Distance normal t o  flameholders, i n .  

(c ) Flameholder configuration 3. 
Afterburner equivalence rat lo ,  
0.15; primary-combustor equiv- 
a lencr  r a t i o ,  a 0;  f u e l  flow, 
129 pounds per hour. 

( d )  Flameholder configuration 4. 
Afterburner equivalence r a t i o ,  
0.3; primary-combustor equiv- 
alence r a t i o ,  20; f u e l  flow, 
125 pvunda per ho i r .  

Figure 11. - Effect of afterburner flameholder design on afterburner o u t l e t -  
t c w e r e t u r e  p r o f i l e  ( s ta t ion  F-F). 
absolute; i n l e t  temperature, 6Oc F. 

I n l e t  pressure, 30 inches of mercury 

39 
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Thermocouple locat ion h - I  

i Top of afterburner 
Bottom of afterburner --- 

240C 

16oC 

8 O( 
0 1 2 3 4 

. :~is tance normal t o  flameholder, in .  

( e )  Flameholder configuration 5. Afterburner 
equivalence r a t  io, 0.3 7 ; primary -combus t o r  
equivalence r a t io ,  16; fuel  flow, 162 pounds 
per hour. 

Figure 11. - Concluded. Effect of afterburner 
flameholder design on afterburner ou t le t -  
temperature p ro f i l e  ( s t a t ion  F-F). In l e t  pres- 
sure, 30 inches of mercury absolute; inlet  t e m -  
perature, 80° F. 
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(a) Model 4. 

L .  

( b )  Model 5. 

Figure 1 2 .  - Vasiation of combustion efficiency with over-all  
equivalence r a t io  f o r  t.m flameholder designs. In le t -a i r  
temperature, 80' F. 
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Figure 13. - Afterburner f 'uel-injector pres- 
sure loss. 
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